Autophagy is mediated by a unique organelle, the autophagosome. Autophagosome formation involves a number of autophagy-related (ATG) proteins and complicated membrane dynamics. Although the hierarchical relationships of ATG proteins have been investigated, how individual ATG proteins or their complexes contribute to the organization of the autophagic membrane remains largely unknown. Here, systematic ultrastructural analysis of mouse embryonic fibroblasts and HeLa cells deficient in various ATG proteins revealed that the emergence of the isolation membrane (phagophore) requires FIP200/RB1CC1, ATG9A, and PtdIns 3-kinase activity. By contrast, small premature isolation membrane-and autophagosome-like structures were generated in cells lacking VMP1 and ATG2A/B, respectively. The isolation membranes could elongate in cells lacking ATG5, but these did not mature into autophagosomes.
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representative ATG proteins, including FIP200, ATG9A, ATG2A/B, VMP1, and ATG5, and found that emergence of the IM required FIP200, ATG9A, and PtdIns 3-kinase activity. By contrast, small premature IM-or autophagosome-like structures were generated in cells lacking ATG2A/B or VMP1, respectively. IMs could elongate in cells lacking ATG5, but they did not maturate into autophagosomes. We also found that ferritin clusters accumulate at the autophagosome formation site together with p62 (also known as SQSTM1) in autophagy-deficient cells. This study reveals the specific function of each ATG protein in autophagic membrane dynamics and identifies ferritin as a novel selective substrate, which translocates to the autophagosome formation site.
Results

Emergence of the IM requires FIP200 and ATG9A
We systematically analyzed the morphology of autophagy-related structures in various autophagy-deficient cells. In wild-type mouse embryonic fibroblasts (MEFs), "Upstream ATG proteins such as (ULK1, ATG14, WIPI-1, DFCP1, and ATG16L1) and LC3 formed punctate structures (Fig. 1A) , which represented isolation membranes and pan-autophagic membranes as previously known (Lamb et al., 2013; Mizushima et al., 2010) . One of the best-characterized selective substrates of autophagy, p62, is known to colocalize with LC3 through direct binding (Birgisdottir et al., 2013) . ATG9A showed a number of small punctate structures, most of which represented "ATG9 vesicles" (Itakura et al., 2012a; Orsi et al., 2012) . In MEFs lacking FIP200, which is essential for an initial step of autophagosome formation (Hara et al., 2008) , these ATG proteins (except ATG9A) did not form punctate structures (Itakura and Mizushima, 2010) , although some LC3 puncta were occasionally found (Hara et al., 2008; Itakura and Mizushima, 2010) , and only ATG9A and p62 accumulated in clear punctate structures (Fig. 1A) . Based on our previous observation that p62 colocalizes very well with not only ATG9A but also VMP1 in FIP200 knockout (KO) MEFs, these structures should represent the autophagosome formation sites (Itakura et al., 2012a; Itakura and Mizushima, 2011) (Fig. 1A ).
Electron microscopy (EM) frequently showed unique structures in the cytoplasm of FIP200 KO MEFs under both growth (regular) and starvation conditions (Fig. 1B) . These structures consisted of ribosome-free areas surrounded by the ER (Fig. 1B, arrows). Some vesicles (approximately 10-70 nm in diameter) were observed inside and at the periphery of the ribosome-free area (Fig. 1B, . These areas were often associated with one or a few large clusters (approximately 100-500 nm in diameter) of high-density small particles (Fig. 1B , arrowheads, and inset). We observed approximately five such structures (combination of the ER, ribosome-free areas, vesicles, and high-density particle clusters) in one cell from an ultrathin section of FIP200 KO MEFs. IM-like structures were not detected.
In these complex structures, p62 was detected in the ribosome-free area by immuno-EM (Fig. 1C) . Notably, p62 was completely lacking in the clusters of high-density particles, which were essentially absent in wild-type MEFs, implying that they might be novel selective substrates of autophagy accumulated in autophagy-deficient cells. Immuno-EM also showed that at least some of the vesicles, which accumulated mainly at the periphery of the p62 area, were ATG9A positive (Fig. 1D ). The presence of both p62 and ATG9A suggests that this region in fact represents the autophagosome formation site. Also, similar structures (p62 aggregates, small vesicles, and high-density particle clusters, but no IMs) were observed in FIP200-knockdown HeLa cells by conventional EM (Fig. 1E ) and p62 immuno-EM (Fig. 1F) , suggesting that these are not specific to MEFs.
ATG9A is another upstream autophagy factor required for recruitment of most ATG proteins, except the ULK-FIP200 complex ( Fig. 2A ) (Itakura et al., 2012a; Orsi et al., 2012) . ULK1 consistently colocalized with p62 in ATG9 KO MEFs ( Fig. 2A) . EM analysis of ATG9 KO MEFs (Fig. 2B ) and ATG9A-knockdown HeLa cells (Fig. 2C,D) showed the presence of p62 aggregates, small vesicles, and high-density particle clusters (sometimes with hollows), which were similar to the structures observed in FIP200-deficient cells (Fig. 1) . ULK1 signals, which were associated with elongating
IMs in wild-type cells, were detected mainly around the high-density clusters and in some cases around the p62 aggregates, but not on the surrounding ER, in ATG9A KO MEFs (Fig. 2E ). This suggests that ULK1 translocates to some unknown structures rather than the ER itself during IM formation. Again, IM-like structures were not detected in these ATG9A-deficient cells.
These data suggest that FIP200 and ATG9A are essential for the emergence of the IM and that in their absence p62 aggregates, small vesicles (including ATG9
vesicles at least in FIP200-deficient cells), and unknown high-density clusters accumulate at the autophagosome formation site.
The high-density particle clustered at the autophagosome formation site is ferritin
The unknown clusters at the autophagosome formation site in FIP200-and ATG9A-deficient cells contained a large number of small high-density particles with a diameter of approximately 10 nm (Fig. 1B, inset ). After extensive literature searching for similar structures, we identified the high-density particle as ferritin.
Ferritin is an iron storage and detoxification protein, and ferritin proteins assemble into a shell, which is a hollow, spherical complex of 24 subunits (consisting of a mixture of H-and L-ferritins) with an external diameter of 12 nm (Arosio et al., 2009; Watt, 2011) . Ferritin shells are diffusely present in the cytoplasm under normal conditions, but can be deposited as clusters in certain settings such as in normal rat erythroblasts and reticulocytes (Heynen and Verwilghen, 1982) , and in erythroblasts in patients with sideroblastic anemia, in which, iron accumulates due to inefficient hemoglobin synthesis (Ghadially, 1975) . The ultrastructure of these ferritin deposits is quite similar to that of the high-density clusters that we observed in FIP200 KO and ATG9A KO MEFs.
To confirm that the high-density particles are indeed ferritin, we stained wild-type, FIP200 KO, and ATG9A KO MEFs with anti-ferritin antibody. In wild-type MEFs, ferritin formed many small puncta, which did not colocalize with p62 (Fig. 3A) .
However, in FIP200 KO and ATG9A KO MEFs, ferritin formed brighter punctate structures, which were in close proximity to the p62 puncta (Fig. 3A) . Such a close association between ferritin and p62 was also observed in ATG9A siRNA-treated HeLa cells (Fig. 3B) . Furthermore, we performed immuno-EM using anti-ferritin antibody and confirmed that the high-density particles observed in ATG9A KO MEFs (Fig. 3C , panels a and b) and in ATG9A-silenced HeLa cells (Fig. 3C , panels c and d) were ferritin. The ferritin signals were detected mainly on the surface of the large clusters.
Because we used a pre-embedding immunogold labeling method, the results suggest that the ferritin clusters are tightly packed structures which impede antibody penetration.
Consistent with the EM data shown in Fig. 2E , GFP-ULK1 puncta were well colocalized with the ferritin signals in ATG9A KO MEFs (Fig. 3D ). These data demonstrate that defects in autophagy lead to assembly of not only p62 but also ferritin at the autophagosome formation site.
Emergence of the IM requires PtdIns 3-kinase activity
As both the ULK1 complex and ATG9A are required for recruitment of the autophagy-specific PtdIns 3-kinase complex, we observed structures accumulating at the autophagosome formation sites in cells treated with wortmannin, a specific inhibitor of PtdIns 3-kinase. In cells cultured in growth medium without wortmannin, ATG9A
and ULK1 rarely colocalized with each other. However, both formed bright puncta and mostly colocalized in wortmannin-treated starved cells as previously reported
(Supplementary material Fig. S1A ) (Itakura et al., 2012a) . p62 and ferritin were also recruited to these punctate structures (Supplementary material Fig. S1A ).
By EM, aggregated structures associated with the surrounding ER, small vesicles, and ferritin clusters were observed in wortmannin-treated starved HeLa cells (Supplementary material Fig. S1B ). However, as in FIP200 KO and ATG9A KO cells, no IM generation was detected, suggesting that, like FIP200 and ATG9A, PtdIns 3-kinase activity is essential for IM formation.
VMP1 and ATG2 are required for elongation/development of the IM Next, we investigated the autophagic structures in VMP1-and ATG2-deficient cells, which show similar phenotypes by fluorescence microscopy; almost all ATG proteins accumulated at the autophagosome formation site (Itakura and Mizushima, 2010; Tian et al., 2010; Velikkakath et al., 2012) . As previously shown, punctate structures of many ATG proteins accumulated in VMP1-silenced HeLa cells and colocalized in the same manner as that for ULK1 and p62 under nutrient-rich (data not shown) and starvation conditions (Fig. 4A ). Ultrastructural analysis demonstrated that these cells, under nutrient-rich conditions, contained structures similar to those observed in FIP200-or ATG9A-deficient cells (Figs 1, 2) . We observed accumulation of the ribosome-free area containing p62, small vesicles, and ferritin clusters, which were surrounded by the ER (Fig. 4B,C) . However, in addition to these structures, small crescent-shaped structures (approximately 100-300 nm in length) appeared around the p62 aggregates, which were significantly induced by starvation ( presence of ferritin at the p62 puncta was also confirmed by immunofluorescence microscopy ( Fig. 5B ). However, in contrast to the above-mentioned mutant cells, ring-shaped double-membrane structures, which were approximately 150-300 nm in diameter, were detected inside and around the p62 aggregates in ATG2A/B-silenced cells ( Fig. 5A , asterisks). Some of these contained a ferritin cluster. The number of these double-membrane structures tended to be increased under starvation conditions, although not significantly (Fig. 5A ). The structures were labeled with LC3 ( Fig. 5D ).
These features suggest that the structures are small or immature autophagosomes at an advanced stage compared to the immature IMs formed in VMP1-silenced cells. It was unclear whether or not these structures were completely sealed. As in VMP1-silenced cells, ATG9A signals were mostly detected on vesicles but not on these small autophagosome-like structures (Fig. 5E ). Tight contact between the ER and IM was not observed in either VMP1-or ATG2A/B-silenced cells.
These data suggest that VMP1 and ATG2A/B are essential for proper elongation of the IM. Furthermore, these proteins do not have the same function; VMP1
is required for both elongation and bending (or closure) of the IM, whereas ATG2A/B appears to be required mainly for IM elongation.
ATG5 is essential for closure of the IM or acts at a late step of autophagosome formation
Accumulation of WIPI-1 and DFCP1 puncta was clearly observed in ATG5 KO MEFs, as previously shown (Itakura and Mizushima, 2010) , whereas that of ULK1, ATG14 (Itakura and Mizushima, 2010), ATG9A, and p62 was only mildly observed ( vesicles, ribosome-free areas containing fibril aggregates, and ferritin structures were also observed near IM-like structures, but less frequently compared to cells lacking FIP200, ATG9A, VMP1, or ATG2A/B (Fig. 6C,D) . These data suggest that ATG5 is required for closure of the IM or acts at a late step of autophagosome formation.
Ferritin is selectively incorporated into autophagosomes and delivered to lysosomes
An unexpected finding is that ferritin clusters accumulate at the autophagosome formation site when autophagy is blocked, suggesting that ferritin (1) is a selective substrate of autophagy and/or (2) has a role in autophagosome formation. Several previous studies showed that ferritin can be degraded by autophagy (Asano et al., 2011; De Domenico et al., 2009; Kidane et al., 2006; Ollinger and Roberg, 1997) , and iron depletion can induce autophagy (De Domenico et al., 2009) (Supplementary material Fig. S4 ). Yet to be determined, however, is whether ferritin is selectively incorporated into autophagosomes in wild-type cells. Upon amino acid and serum starvation, approximately 40% of GFP-ULK1 structures and 20% of the GFP-LC3 structures were colocalized with ferritin (Fig. 7A) . These high colocalization rates were not simply due to random superposition of large amounts of ferritin puncta because these rates were significantly reduced when the colocalization assay was performed with overlaid images, in which green images were artificially shifted to the right by 1 µm (Fig. 7A, triangles) . Immuno-EM consistently revealed ferritin signals in degradative structures as well as in autophagosomes (Fig. 7B ). These data suggest that ferritin is enriched at the autophagosome formation site and selectively incorporated into autophagosomes in wild-type cells.
Finally, we investigated the delivery of ferritin to the lysosome. Only about 10% of Lamp1-positive structures were positive for ferritin in wild-type MEFs (Fig. 7C ).
However, this proportion was increased to approximately 60% when cells were treated with protease inhibitors (E64d and pepstatin A), suggesting that ferritin is constitutively degraded in lysosomes. This colocalization rate was significantly decreased in autophagy-deficient FIP200 KO and ATG9A KO MEFs, even in the presence of protease inhibitors (Fig. 7C ). These findings suggest that autophagy is important for the delivery of ferritin to lysosomes.
Discussion
Role of ATGs in autophagosome biogenesis
We performed ultrastructural analysis of cells deficient in ATG proteins that function at different steps in autophagosome formation. Based on our findings, we propose the following model of autophagosome biogenesis (Fig. 8) . Autophagosome formation is initiated on or close to the ER, where the ULK1 complex, ATG9A vesicles, and autophagy-specific PtdIns 3-kinase complex are recruited and contribute to form Mizushima et al., 2001) . As these structures are positive for DFCP1 and WIPI, they are likely PtdIns(3)P-rich membranes. It should be noted that if these structure are cut tangentially in EM samples, they appear to be completely sealed autophagosomes. Thus, detection of these structures by EM does not itself necessarily indicate that ATG5 is not essential for macroautophagy.
Ferritin as a novel autophagy substrate
In the present study, we found that ferritin translocates to the autophagosome Fig. S3A ). This could be because the intracellular ferritin concentration is tightly regulated not only at the degradation step but also at the transcriptional and translational steps. Thus, we speculate that a local increase in the ferritin concentration leads to crystallization of ferritin at the autophagosome formation site, although its physiological significance is unclear. Nonetheless, particular neuronal cell types, which show iron accumulation in SENDA/BPAN, may be more sensitive to autophagy defects compared to other cell types.
We have proposed that selective autophagy substrates such as p62 and damaged mitochondria can be recognized at two distinct steps: (1) LC3-independent recruitment to the autophagosome formation site and recognition by upstream ATG proteins and (2) LC3-dependent incorporation into autophagosomes (Itakura et al., 2012a; Itakura and Mizushima, 2011) . Similar steps were also observed in autophagy against intracellular bacteria (Kageyama et al., 2011) .The present study revealed that autophagic degradation of ferritin involves the first step; ferritin can be recruited to the autophagosome formation site in various ATG-deficient cells (e.g. FIP200 KO and ATG9A KO) and in wortmannin-treated wild-type cells, in which LC3 recruitment is suppressed. However, it is unclear whether the selective degradation of ferritin involves the second step. During the preparation of this manuscript, it was reported that ferritin can be incorporated into autophagosomes via interaction with NCOA4, which also binds LC3B and GABARAPs (Mancias et al., 2014) , which could be the mechanism of the second step. However, in our immune-EM experiments, diffuse ferritin was detected inside autophagosomes but not on the inner autophagosomal membrane (Fig. 7B ), indicating that ferritin may not be directly recognized by the autophagosomal membrane. This is in marked contrast to currently known autophagy substrates or adaptors such as p62, NBR1, NDP52, and Nix in mammals, and Atg19 and Atg32 in yeast, which interact with LC3 and Atg8 on the autophagosomal membrane, respectively (Johansen and Lamark, 2011; Noda et al., 2010; Weidberg et al., 2011) . More studies are required to clarify how ferritin is recruited to the autophagosome formation site (this is currently unknown, even for p62) and whether ferritin can be recognized by the IM.
Materials and Methods
Plasmids
The following plasmids have been previously described: pMXs-IP-GFP-LC3, 
Retroviral infection and generation of stable cell lines
Stable cell lines were generated using a retroviral expression system as previously described (Hara et al., 2008; Kitamura et al., 2003) . Briefly, Plat E cells (kindly provided by Dr. Toshio Kitamura, University of Tokyo, Tokyo, Japan) were transiently transfected with retroviral vectors using FuGENE HD reagent (Roche Applied Science, Mannheim, Germany). After culture for 72 h, the growth medium containing retroviruses was collected. MEFs were incubated with the collected virus-containing medium with 8 µg/ml polybrene for 24 h. Non-infected cells were removed by puromycin selection.
Antibodies
Rat monoclonal anti-GFP (GF090R) and anti-Lamp1 (1D4B) antibodies were purchased from Nacalai Tesque (Kyoto, Japan) and Abcam (Cambridge, MA), respectively. Rabbit human VMP1, human VMP1 cDNA (amino acid residues 1-77) was subcloned into pGEX-6p-1 (GE Healthcare, Buckinghamshire, UK). The resulting GST-fused VMP1
protein was used to immunize rabbits. Anti-HSP90 antibody was purchased from BD Biosciences (San Jose, CA).
Immunocytochemistry
Immunocytochemistry was performed as previously described (Itakura et al., 2012b) .
Briefly, cells grown on coverslips were washed with PBS and fixed in 4% Apo oil immersion lens (Olympus) was used. Colocalization of two-color images was examined using MetaMorph image analysis software (version 7.7; Molecular Devices Japan, Tokyo, Japan). To rule out random superposition in the colocalization studies, the random overlapping ratio (%) was calculated using tow-colour images, one of which was artificially shifted to the right by 1 µm before merging.
Electron microscopy
Cells were cultured on collagen-coated plastic coverslips and fixed in 2.5% glutaraldehyde (TAAB, Berkshire, England) in 0.1 M sodium phosphate buffer, pH 7.4
(phosphate buffer), for 2 h. The cells were washed in the same buffer 5 times and post-fixed in 1% osmium tetroxide (TAAB) in 0.1 M phosphate buffer for 1 h and then dehydrated and embedded in Epon 812 (TAAB) according to a standard procedure (Hara et al., 2008) . Ultrathin sections were stained with uranyl acetate and lead citrate and observed under a Hitach H-7100 (Hitachi High-Technologies, Tokyo, Japan or an FEI Tecnai G2 Spirit Bio Twin transmission electron microscope (FEI, Oregon, USA).
For immuno-EM analysis, cells were fixed with 4% paraformaldehyde in phosphate buffer for 2 h on ice. The pre-embedding silver enhancement immunogold method was used as previously described (Yoshimori et al., 2000) .
Immunoblotting
Immunoblotting was performed as previously described (Itakura et al., 2012b) . Cell lysates were prepared in lysis buffer (50 mM Tris-HCL, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1mM phenylmethanesulfonyl fluoride, 1 mM Na 3 VO 4 , and 
FACS analysis
Autophagic flux was measured using flow cytometry as previously reported (Shvets et al., 2008) . Cells stably expressing GFP-LC3 were harvested with 0.05% trypsine-EDTA, and washed with ice-cold PBS. Total cellular GFP-LC3 signals were directly measured using an EC800 flow cytometry analyzer (SONY, Tokyo, Japan), and data were analyzed using Kaluza software (Beckman Coulter, Inc., Brea, CA). Arrowheads indicate ferritin-positive high-density particle clusters.
(D) ATG9A KO MEFs stably expressing GFP-ULK1 cultured in regular medium were analyzed by immunocytochemistry using anti-GFP and anti-ferritin antibodies. Signal color is indicated by the color of the text. Scale bars, 10 µm (white) and 1 µm (yellow). (B) HeLa cells treated with siRNA against luciferase (control), VMP1, or ATG2A/B were cultured in starvation medium for 1 h and subjected to fluorescence microscopy.
Endogenous ferritin and p62 were stained. Signal color is indicated by the color of the text. Scale bars, 10 µm (white) and 1 µm (yellow).
(C-E) HeLa cells treated with siRNA against ATG2A/B were starved and analyzed by immuno-EM using anti-p62 (C), anti-LC3 (D), and anti-ATG9A antibodies (E).
Arrowheads indicate ferritin clusters.
Scale bars, 200 nm (C, Da, and E) and 50 nm (Db). 
